Meiotic mutant (2n) gametes formed by firstdivision restitution without crossover (FDR-NCO) are expected to be superior to FDR with crossover (FDR-CO) because they transmit to the progeny, without disruption by recombination, almost 100% of the parental genotype. FDR-CO transfers Ϸ80% of the parental heterozygosity and a large fraction of the epistatic interactions. Another genetic expectation associated with both FDR gametes is their equivalence for the phenotypic expression of traits controlled by genes residing between centromeres and proximal crossover sites. This set of unique cytogenetic features of FDR mutants was employed here as a tool to infer physical location of quantitative trait loci controlling total tuber yield (TTY) in potato. Two assays were conducted to verify the superiority of FDR-NCO over FDR-CO gametes for TTY by using progenies from 4x-2x factorial crosses. Male clones were 2n-pollen producers by either FDR-CO or FDR-NCO mechanisms. Compared with the 4x parents, TTY of the progenies ranged from 41% to 175% (i.e., high-parent heterosis). However, no significant TTY differences were observed between FDR-CO and FDR-NCO families. In addition, the size of variance components of males was smaller than females and near zero. Our results reinforce the hypothesis that genes controlling yielding ability have a predominant physical location between centromeres and proximal chiasmata. Quantitative trait loci in chromosome regions with reduced levels of recombination may provide a partial explanation for the slow progress in increasing TTY through conventional 4x-4x crosses and for the often high degree of heterosis obtained by introgressing genetic diversity via 4x-2x crosses in potato.
A more effective introgression of the genetic diversity present in diploid (2x) Solanum species into the tetraploid (4x) cultivated potato (Solanum tuberosum L.) gene pool has been possible by using haploid-species hybrids (1) in 4x-2x crosses with unilateral sexual polyploidization and 2x-2x crosses with bilateral sexual polyploidization (2) . The presence of gametes with the sporophytic (2n) chromosome number plays a crucial role in both unilateral sexual polyploidization and bilateral sexual polyploidization breeding schemes (3) (4) (5) . In fact, the identification and genetic characterization of meiotic mutants controlling 2n egg (diplogynoid) and 2n pollen (diplandroid) formation was the single major factor allowing for a large scale utilization of the unilateral sexual polyploidization and bilateral sexual polyploidization strategies in potato breeding (6) .
Several spontaneous mutants disrupting the regular meiotic process during either megasporogenesis or microsporogenesis have been described in diploid potato species (7) . Phenotypic expression of some of these mutant genes involves premeiotic, meiotic, and postmeiotic abnormalities that can ultimately result in the formation of 2n gametes (7) . Six major mechanisms of 2n gamete formation have been cytogenetically characterized: premeiotic doubling; first-division restitution (FDR); chromosome replication during the meiotic interphase; second-division restitution (SDR); postmeiotic doubling; and apospory (8) . FDR and SDR are the predominant mechanisms of 2n gamete formation in potatoes (8, 9) . The FDR-generated gametes are considered to be more valuable than those obtained by SDR because a larger amount of the parental heterozygosity and favorable epistatic interactions can be transferred to the progeny without disruption by recombination events (10) (11) (12) .
Two meiotic mutants with genetic consequences equivalent to FDR have been particularly useful in potato breeding under the unilateral sexual polyploidization scheme: the recessive alleles ps (parallel spindles) and sy-3 (synaptic-3) from Solanum phureja ϫ haploid S. tuberosum hybrids (13, 14) . The genotype ps͞ps results in the formation of 2n pollen by a process equivalent to an FDR mechanism with crossover (FDR-CO). The 2n FDR-CO gametes are able to transmit to their progenies Ϸ80% of the heterozygosity and a large (but not intact) fraction of epistasis present in the parental clone (11) . The level of heterozygosity transmitted by 2n gametes derived from FDR-CO is about twice of that from SDR mechanism, as demonstrated by restriction fragment length polymorphism analysis (15) . When ps is combined in the same genetic background with sy-3, the 2n gametes are formed by a process equivalent to FDR without crossover (FDR-NCO) (16) . FDR-NCO clones will transmit virtually intact the heterozygosity and epistasis to the progeny because of an almost complete lack of chiasma formation observed in ps͞ps, sy-3͞ sy-3 plants (6, 10) .
A common feature of both FDR-CO and FDR-NCO gametes (assuming that double or higher order crossovers do not occur) is that all heterozygous loci present in the parental genome from the centromere to the first crossover will be undisturbed by meiosis. In these chromosomal regions the 2x parental genotype will be 100% preserved in FDR-NCO and FDR-CO gametes. Therefore, a genetic expectation associated with both FDR gametes is their equivalence for the phenotypic expression of traits controlled by genes residing between centromeres and proximal crossover sites. A characteristic unique to FDR-CO gametes is that one-half of the parental loci between the first and second crossovers will be heterozygous (10, 11) . In SDR-derived gametes, all loci from the centromere to the first crossover will be homozygous and all loci between the first and second crossovers that are heterozygous in the parent will remain heterozygous (8) .
The preponderance of nonadditive genetic variance for important traits such as tuber yield has been reported for potato (4, (17) (18) (19) . Therefore, intralocus interactions and interlocus interactions are considered to be the major components associated with tuber yield (4). These observations imply that 2x FDR-NCO clones would be the genetic materials of choice for use as parents in the unilateral sexual polyploidization scheme because they can transmit almost 100% of the heterozygosity and epistasis. Comparative studies have been conducted with FDR-CO vs. SDR-derived progenies (12, 13) . In both cases, the genetic superiority of FDR-CO over SDR gametes has been demonstrated for total tuber yield (TTY), confirming the theoretical expectations of FDR-CO superior performance because of the ability to transmit higher levels of heterozygosity to the progeny (12, 13) . However, for some other important traits (e.g., chip color and underwater tuber weight), the expected FDR-CO superiority over SDR gametes was not observed (12) . These results suggest that a traitspecific manifestation of the actual genetic superiority associated with a given mode of 2n gamete formation may be the rule in potato. In addition, the merit of 2n gametes in potato improvement will depend on the kind of genetic variance available in the breeding population.
The aim of the present work was to compare the performance of 4x-2x families derived from staminate parents with 2n pollen production by either FDR-CO or FDR-NCO mechanisms. For this purpose, we analyzed progenies from two sets of factorial crosses involving 4x cultivars and 2x S. phureja ϫ haploid S. tuberosum hybrids. The unique cytogenetic features of the FDR gametes were employed here as a tool to infer physical location of major effect quantitative trait loci (QTL). Therefore, our results can provide some insights about the relative merit of each type of FDR diplandroid formation; the respective impact of each type of 2n pollen formation on three quantitative traits and the predominant physical location of these traits in the potato genome. Field Experiments. The two field assays (one with each set of crosses) were carried out at Hancock, WI in two adjacent fields, and both experiments were treated in a similar manner (i.e., fertilization, cultural management, and planting and harvesting dates). The 4x-2x families were evaluated by using a randomized complete block design with two replications (20 hill-plots). For comparison, the group of 4x and 2x clones (used as parents) also was planted in the same field using a randomized complete block design with two replications (4 hill-plots). The parental tubers were field grown and were, on average, larger than family tubers. Plants were spaced 0.91 m ϫ 0.31 m. The total duration of the experiments was 111 days from planting to harvesting (June-October). The following traits were evaluated: TTY, in which only of tubers over 25 mm diameter were weighed; haulm maturity (HM) score, done 77 days after planting by using a scale ranging from 1 (plant completely senesced) to 5 (plant still upright, green, flowering or pre-blossom); and general tuber appearance (GTA), evaluated at harvesting by using a scale ranging from 1 (poor) to 5 (excellent).
MATERIALS AND METHODS

Plant
ANOVA and Restricted Maximum Likelihood Analysis. ANOVAs were carried out individually for each of the two experiments. In addition, data (means over two replicates) of the two experiments were also included for a combined analysis of variance. The source of variation in the combined analysis considered effects of 4x female parent (i.e., 4x general combining ability, GCA), 2x male GCA, and female ϫ male interactions (i.e., specific combining ability, SCA). The sum of squares of male parents was further divided into FDR-CO versus FDR-NCO family groups as well as male parents within FDR-CO or FDR-NCO groups. The error mean square in the combined ANOVA was estimated from the error mean squares in the two separate ANOVAs for the two sets of experiments. Significant tests were based on assumption of a random model in which all effects (i.e., male and female parents and their interactions) represent random effects from hypothetical populations. Thus, effects of female and male parents were tested by the interaction term, whereas interactions between female and male parents were tested by the error mean square. The contrast FDR-CO vs. FDR-NCO families was tested by the within-parents mean square, whereas the latter one was tested by the interaction mean square. E2 had six of the eight 2x parents used in the E1 that were, respectively, crossed with a distinct set of three 4x parents. The combined data of E1 and E2 represent an incomplete two-way table (20) with empty cells corresponding to missing crosses between three 4x parents (Spunta, Elvira, and Aracy) and two 2x parents (SY-7 and SY-11) in E2. Estimation of variance components due to female and male parents and their interactions was achieved by using the method of Restricted Maximum Likelihood (21) .
RESULTS
Total Tuber Yield. Significant differences among 4x-2x families and female ϫ male interactions (SCA) were observed (1999) for TTY in both experiments ( Table 1 ). The combined ANOVA confirmed SCA as the only significant source of variation ( Table 2 ). The size of variance components of 4x females and 2x males was smaller than that due to male ϫ female interactions, indicating the importance of SCA for this trait ( Table 3 ). The variance components showed differential responses to the female parents, as revealed by the large component of interaction effects, implying that heterozygous loci for TTY probably are occupied by a set of distinct alleles in each of these genetic materials. In addition, the size of the male variance component was smaller than that of the female parents and near zero ( Table 3 ). The contrast FDR-NCO-vs. FDR-CO-derived family groups was found to be nonsignificant for TTY (Table 2 ). The family group showed an 8.8% higher yield than the 4x parent group in E1 (Table 4 ). In addition, 14 families had higher TTY than their 4x parents. The best 4x-2x family for this trait (Spunta ϫ H-4) had similar TTY to the best 4x parent used in E1 (i.e., Aracy). In E2, families as a group had 13% lower TTY than the 4x parent group (Table 4) . However, six families outyielded their 4x parents in E2. The adapted 4x parent Atlantic produced 50% of its families over the mean of the 4x group. The means for TTY were similar (0.93 for cultivars vs. 0.91 for 4x-2x families). However, expressed as percentage of the 4x parent, the TTY among families ranged from 41.1% to 175%. GTA. Significant differences among 4x-2x families and significant SCA interaction for GTA were observed in both experiments ( Table 1 ). The combined ANOVA also indicated that SCA was the only significant source of variation for GTA ( Table 2 ). The size of the variance components of 4x females for this trait was smaller than the 2x males, and the largest component of GTA was due to male ϫ female interactions ( Table 3 ). The small size of variance component due to female parents is an expected outcome because the 4x commercial cultivars are strongly selected for GTA. The contrast FDR-CO vs. FDR-NCO family groups was not significant for GTA ( Table 2 ). The average family GTA (2.75) was lower than that of the 4x parental group (3.75) in E1. However, seven families had GTA scores Ն3 (Table 5) . A GTA score of 3 has been considered as the minimum acceptable for selection purposes in potato breeding programs. Two families surpassed the GTA of their respective 4x parents ( Table 5 ). The families as a group had poorer GTA than the 4x parents in E2. Indeed, only one family had a GTA score equal to its 4x parent. However, considering GTA ϭ 3 as the minimum selection limit for market acceptability, four families would be kept for further evaluation from E2.
HM. A significant difference among families was observed only in E2 (Table 1) . For HM, the GCA of males and females were significant in both experiments, whereas the SCA was significant in E2 (Table 1) . However, the combined ANOVA indicated SCA as the single significant source of variation ( Table 2 ). The largest component of HM is due to males (Table  3) , reflecting the strong directional selection against late maturity in the 4x cultivars. The 4x-2x families were later to mature than the parents in both experiments ( Table 6 ). The means of the 4x cultivars and families were 3.17 and 4.05, respectively. However, 8 of 40 families had HM score identical to that of the 4x parent.
Parent-Family Correlation. No significant correlation was found for TTY in both experiments (Table 7) . A significant and negative correlation was observed for GTA only when families from FDR-CO group were considered. In E1, there was a significant correlation between the 2x parent and family means for HM. This correlation was observed when all 24 families were analyzed together and also if FDR-CO and FDR-NCO families were analyzed separately. In E2, the 2x-clone group had significant correlation for HM. Only the GTA of the FDR-CO group mean was significantly correlated with the hybrid family mean in E2.
DISCUSSION
The presence of families with high parent heterosis levels of up to 175% for TTY confirms the genetic value of the FDR gametes for this trait. Our results are in agreement with several previous reports in which the superiority of clones derived from 4x ϫ 2x crosses involving S. phureja-haploid Tuberosum hybrids has been demonstrated for TTY (9, 19, 22) . The comparison of the 4x-2x family means to their respective 4x parents clearly demonstrate that heterotic families can be obtained with both FDR-CO and FDR-NCO clones as staminate parents. In addition, our results indicated that the theoretical higher level of heterozygosity (Ϸ20%) and epistasis transmitted by the FDR-NCO clones as compared with the FDR-CO clones was apparently not enough to produce significant differences among family groups for all three traits.
The results showing no superiority of FDR-NCO over FDR-CO clones for TTY are in agreement with previous experiments comparing families derived from distinct sets of factorial crosses between 4x cultivars and diploid (FDR-CO and FDR-NCO) clones evaluated at Wisconsin (23, 24) . A similar trend also was observed by using 80 families derived from crosses between 8 European cultivars and 17 diploid clones evaluated in France (23) . In addition, an identical result was obtained for TTY with another distinct set of 40 families evaluated in Brazil (25) . Therefore, taking into account the results reported here, a total sample of 320 families (215 FDR-CO vs. 105 FDR-NCO families) has been examined in three continents. However, there is no available evidence that families with FDR-NCO mechanism of 2n pollen formation are genetically superior for TTY.
The lack of superiority of FDR-NCO over FDR-CO gametes for TTY is a distinct asset to the 4x-2x breeding scheme. Combining the ps and sy-3 in the same genetic background is obviously more difficult than using ps alone. The ease of obtaining ps clones (because of the high frequency of this allele (1999) in both cultivated and wild tuber-bearing species) makes the work of obtaining homozygous ps clones relatively simple. In addition, the process of incorporating both recessive genes in the same genetic background involves the risk of possible inbreeding depression. In fact, a possible explanation may be already the manifestation of some degree of inbreeding depression in such way that could obscure the inherent genetic superiority of the FDR-NCO clones. However, it is important to note that no controlled backcross or self-cross was performed to obtain any FDR-NCO clones used in our experiment. These clones are full siblings from the FDR-CO clones and were selected in a progeny from interspecific crosses. At this stage, a very low amount of inbreeding is expected to be present. In addition, if present, inbreeding depression would be a random effect (i.e., it would have an overall similar magnitude on both FDR-CO and FDR-NCO clones). Identical results obtained with a large number of families evaluated so far, using distinct sets of 2x clones (23) (24) (25) , indicate that sampling of the actual genetic variability within 2x clones is also not an adequate explanation for lack of differences between FDR-CO vs. FDR-NCO families. Another possibility is a close linkage between the sy-3 gene and deleterious genetic factors affecting TTY performance of FDR-NCO families. However, such deleterious linkage would be manifested or perceived not only in the 4x progenies but also immediately at the parental (2x) level. This situation would be characterized by a systematic inferiority for TTY performance of FDR-NCO clones as compared with FDR-CO clones. However, this phenomenon was not observed here and has not been observed in any of the experiments contrasting FDR-NCO vs. FDR-CO clones (23) (24) (25) . To reinforce this view, it is important to highlight that in our experiment, the two 2x clones with highest TTY were FDR-NCO clones. A plausible explanation for our results is that TTY genes and͞or linkats (26) could be predominantly located between the centromeres and proximal chiasmata. Therefore, the contrast between FDR-CO and FDR-NCO clones will not be significant because both types of 2n gametes are expected to be genetically equivalent for loci present in these regions (1, 6) . All heterozygous loci between the centromere and the first crossover are maintained in the gametes and transmitted to the 4x progeny regardless of whether they are the result of either FDR-CO or FDR-NCO mechanism (6) . In addition, the sizes of variance components for TTY indicated that the 2x male fraction is smaller than the 4x female fraction and near zero. These results suggest again that heterozygous loci for high yielding ability of 2x parents have a physical location proximal to the centromeres (or less likely in another genomic region with suppressed levels of recombination). In fact, transmission of intact heterozygosity is expected in all types of 2n gametes for loci encompassing the centromeres. Molecular mapping studies have shown that regions in a close vicinity of these sites are apparently ''cold spots'' for recombination in the plant genomes such as wheat (27) and potato (28) . On the other hand, regions very close to the centromeres are strongly heterochromatic and potentially poor in ORFs, and they are likely to be devoid of important QTL for tuber yield. Therefore, the chromosomal regions carrying tuber yield QTL are proximal to the potato centromeres but probably do not encompass the heterochromatic region. It is interesting to note that genomic regions with reduced frequency of genetic recombination were found to be sites of a substantial amount of potential genes in potato and tomato genomes as estimated by restriction fragment length polymorphism mapping using cDNA probes (28) .
Tai and De Jong (29) hypothesized that the predominant physical location of genetic factors controlling the phenotypic expression of TTY is somewhere between the centromere and the site of the first crossover. They reached this conclusion after comparing the performance of progenies derived from a Table 4 (25) are in perfect agreement with the notion that major effect TTY factors are predominately located within the first crossover region from the centromere. Also reinforcing this view are the results with comparative studies between FDR-CO vs. SDR-derived families where the genetic superiority of FDR-CO over SDR gametes has been demonstrated for TTY (12, 13) . In SDR gametes, all loci from the centromere to the first crossover will be homozygous and all loci between the first and second crossovers, which are heterozygous in the parent, will remain heterozygous in the gametes (8) . Thus the superiority of FDR-CO over SDR gametes is also an expected outcome based on the hypothesis of the proximal physical location of major effect loci for tuber yield. Tai and De Jong (29) also suggested a similar physical location for genetic factors controlling expression of several tuber traits such as GTA, eye depth, tuber size, and marketable yield. Results from France (23) indicated a similar trend for marketable yield because nonsignificant differences between FDR-CO vs. FDR-NCO clones were detected. In Brazil (25), a similar trend was observed for another yield component (namely, number of tubers per hill). In addition, our work suggests similar physical location of QTL for GTA and HM. However, more experimental evidence is necessary to ascertain the results obtained with other traits than TTY. Apart from few exceptions (e.g., refs. 13 and 30), most of the reports from 4x-2x crosses indicated GCA is more significant than SCA (9, 19) . This trend was not observed in our experiments. The source of variation dueto SCA was found to be the only one significant for TTY in both assays. Our results are also in disagreement with previous experiments in which both GCA and SCA variances of the 4x and 2x parents were significant for TTY with the SCA being smaller than GCA (23) . However, it is important to note that the parents and crosses were different from our experiment. Here we employed 4x parents developed for short-and long-day conditions. The 4x group evaluated in France (23) had probably better overall adaptation to long-day conditions than the group of 4x cultivars we employed. On the other hand, when a set of crosses very similar to ours was evaluated under short-day conditions in Brazil, significant 2x and 4x GCA variances were detected (25) . Therefore, our analysis also indicates that broad extrapolation or generalizations from GCA and SCA estimates should be avoided because of a possible genotype ϫ environment interaction that has not been accounted for in most of the studies with 4x-2x crosses in potato.
In closely related clones, the allelic diversity is reduced and variation in additive gene action is almost depleted, whereas epistasis can be magnified (30) . In populations with a narrow genetic basis, the SCA effects are likely to be significant (30) . Even though our 2x clones are the result of crosses (including different S. phureja accessions and S. tuberosum clones), they may represent (as discussed) a sampling bias in terms of genetic variability. However, the results from France (23) using a set of 2x clones derived from the same cross indicated GCA is more important than SCA. These results provide indirect evidence that low genetic diversity of the 2x clones is probably not a major factor inflating SCA variance in our experiments.
Somewhat surprising was the overall lack of parentoffspring correlation for all traits with both types of FDR parents. This implies that the estimated GCA variance is probably not composed exclusively of additive variance. In fact, a nonexclusive presence of the additive effects is expected to be true for both FDR-NCO and FDR-CO mechanisms because of the large amount of the heterozygosity transmitted to the progeny. Therefore, both types of FDR 2n gametes can transfer not only additive effects but also dominance and epistasis (9) . The lack of correlation indicates, as suggested earlier (31, 32) , that progeny testing will be a necessary step for selecting the best 2x hybrids.
The genetic inference that major-effect TTY genes in potato are in chromosome regions with putative low levels of meiotic recombination is one of the major points raised by the experiments using meiotic mutants. This hypothetical physical location of tuber yield QTL may provide a partial explanation for the very limited increase in yield and stability obtained for TTY with the conventional 4x(Tub)-4x(Tub) crosses in potato (33, 34) . It can also explain the reduced amount of transgressive segregation for TTY in the 4x-4x breeding scheme. Furthermore, it can imply that the often high degree of heterosis for TTY observed in 4x-2x progenies is caused by an increase in the amount of allelic diversity (i.e., enhancing heterozygozity and epistasis) via interspecific crossing with S. phureja. In fact, allelic diversity in wild and cultivated diploid species is greater than that observed in the tetraploid potato gene pool (35) . Molecular support for major effect TTY loci between centromeres and first-crossover sites remains to be obtained. Extensive QTL mapping of TTY genes is still incipient in potatoes (36) (37) (38) . The unique behavior of FDR gametes can be also useful in this regard because it provides a tool to generate informative segregating populations and for subsequent placement of QTL in linkage maps (9) . Therefore, molecular mapping in conjunction with genomic in situ hybridization analysis is one of the available strategies to determine in which particular chromosomes are located the QTL controlling this set of traits in potato.
